Heave plates are installed in Spar platforms to improve the heave motion performance of the platforms. The heave plates not only increase the equivalent added mass of the platform but also provide extra damping to the system. This article presents an experimental study on the hydrodynamic characteristics of an isolate heave plate. The plate is forced to oscillate in the water at rest. The added mass and damping of the plate are selected to represent its hydrodynamic characteristics. Influences of the thickness ratio, the plate shape, the corner radius and the porosity on the added mass and the damping coefficients of the heave plate are evaluated at various KC and β numbers.
INTRODUCTION
Floating offshore structures at sea may experience motion responses due to the incident wave forces. The amplitude of heave motion is a particular concern for engineers, because * Author of correspondence. large heave motion may cause damages in risers, drilling pipes and onboard equipments. There are two ways to minimize the heave motion responses, either adjust the natural heave period of the platform and make it out of the wave frequency region to avoid resonance, or increase the damping of the system. For the deepwater Spar platform, heave plates are usually installed at the bottom of the platforms and have been demonstrated to be effective devices to improve the heave response performance (Downie et al., 2000) . This is because the heave plates significantly increase the effective heave added mass of the platform, and the natural period of the heave motion is increased (> 25s) and moved further out of the wave-period region. Furthermore, the heave plates enhance the vortex shedding pattern and increase the damping of the system. The added mass and damping are considered as the main parameters characterizing the hydrodynamic performance of the heave plates.
For a rigid body oscillating in a fluid at rest or a fixed body in an oscillatory flow, Keulegan-Carpenter number (KC) and the frequency number (β ) are the most frequently used dimensionless flow parameters, they are defined respectively as 1 Copyright c ⃝ 2013 by ASME
where D is the characteristic dimension of the body, e.g., diameter for a circular disk, a is the amplitude of the oscillation, T is the period of the oscillation and ν is the kinematic viscosity of the fluid. Therefore, the Reynolds number for the oscillation motion is defined as
Many experimental (see, e.g., Prislin et al., 1998; Thiagarajan and Troesch, 1998; Lake et al., 2000; Thiagarajan et al., 2002; He, 2003; Tao and Dray, 2008) and numerical (see, e.g., Magee et al., 2000; Holmes et al., 2001; Molin, 2001; Tao and Thiagarajan, 2003a,b; Tao and Cai, 2004; Tao et al., 2007; Shen et al., 2012) investigations on the hydrodynamic performance of heave plates have been conducted in the past two decades. The added mass and damping of the heave plates are dependent on both KC and β . The previous studies were mainly focused on the cases at low KC numbers, i.e., KC 1.2. Moreover, the effects of geometric configurations are also investigated, e.g., the size of the plates (Thiagarajan et al., 2002) , the distances between multiple plates (Magee et al., 2000; Tao et al., 2007) , the thickness (Thiagarajan et al., 2002; Tao and Thiagarajan, 2003a,b; He, 2003) , the porosity (Molin, 2001; Tao and Dray, 2008) and the edge taper angles (Shen et al., 2012) . The effect of the plate shape have not been investigated. In this study, we extend the KC number up to 3.15 based on a self-developed motion mechanism. The heave plates with different thickness ratios, different corner radii and different porosities, as well the pates with different shapes are investigated.
EXPERIMENTAL APPARATUS
The experiments were carried out in Shanghai Jiao Tong University. As shown in Fig. 1 , the crank is driven by a servo motor with a constant rotation speed to simulate the harmonic oscillation of the heave plate. The period of oscillation is determined by the rotation speed of the crank and the oscillation amplitude is determined by the radius of the crank. The rail and the steel lines ensure that the rod and heave plate oscillate in through the center of the plate. Therefore, this facility can generate one dimensional oscillation motion with the combination of any amplitudes and periods within its capacity. The axis drag force on the rod is measured by a load transducer. The motion of the heave plate is recorded with a laser displacement sensor. The main dimensions of the water tank are 1 m long, 1 m wide and 1.1 m deep. The depth of the water is 1 m and the mean position of the plate is at 0.5 m below the water surface.
Four sets of heave plate models are designed respectively for the four issues, i.e., the thickness ratio, the plate shape, the corner radius and the porosity. Table 1 shows the geometry parameters of the heave plate models, e.g., area, thickness, radius of the edge corner, shape and the porosity for the perforated plate. The thin disks (t d < 10 mm) were made of steel to provide enough stiffness. The thick disks (t d 10 mm) were made of aluminum to reduce their weight. The perforated plates were cut with many small circular holes with the diameter of 4 mm. The area (A) for all the heave plates are equal to 314.2 number, two or three oscillation periods were selected, e.g., T = 1 s, 2/3 s and 0.5 s. The choice of these parameters ensures that the measured force is within the optimal working region of the load transducer, and also ensure that there is no significant water surface elevation during the tests. Each test runs at least 30 cycles.
HYDRODYNAMIC FORCE COEFFICIENTS
The force measured by the transducer installed at the top end of the rod is the sum of the hydrodynamic force, the inertia force, the gravity and the buoyancy. The inertia force and the buoyancy could be calculated from the displacement of the disk which is obtained with the laser displacement sensor, then the hydrodynamic force acting on the disk (F z ) could be obtained. Following the formulations used by Tao and Dray (2008) , F z can be written in a Morison's equation-like form as
where C d is the drag coefficient, u z is the velocity of the heave plate. By using Fourier analysis, the drag and added mass coefficients could be calculated, respectively, as (Sarpkaya et al., 1981 )
where ω is the circular frequency and taken as ω = 2π/T , ρ is the density of the fluid, U max is the maximum velocity of the oscillation and taken as U max = (KC)D/T , ∀ is the immersed volume of the disk, which is taken as ∀ = (1/4)πD 2 t d . The axis viscous drag force can also be expressed using an equivalent linear damping coefficient B as
Then, the linear damping coefficient is obtained as
The added mass and the damping coefficients are further nondimensionalised against the theoretical ideal fluid added mass, m ′ = (1/3)ρD 3 . Thus, the added mass and damping coefficients are rewritten, respectively, as
where m is the displacement mass of the disk, m = ρ∀. 
RESULTS AND DISCUSSION
For each heave plate, 37 tests are conducted and 37 sets of A ′ and B ′ results are obtained. As the effect of frequency (β ) on the hydrodynamic results is actually weak (He, 2003) , the results of A ′ and B ′ are only plotted against KC in this study. Furthermore, in order to compare the results of different plates clearly, the results for one plate are fitted using a 2nd polynomial line, see Fig. 2 as an example. The values of R 2 for the different plates are all above 0.96. plate increases, and influence of t d /D on A ′ appears to be more significant at high KC numbers. Fig. 4 shows the results of the damping coefficient (B ′ ) for the plates with different thickness ratios. As shown, B ′ increases as KC increases and the thin disk appears to provide more damping. The influence of t d /D on B ′ appears to be more significant at low KC numbers. Therefore, it could be concluded that the heave plate should be designed as thin as possible to provide more added mass and damping to the system. Fig. 5 shows the results of the added mass coefficient (A ′ ) for the plates with different shapes, i.e., round, octagon, hexagon and square. It appears that the results of A ′ for round, octagon and hexagon plates are nearly the same, while A ′ for the square plate is lower than that for the other three plates. Moreover, the effect of plate shape on A ′ appears to get weaker at high KC numbers. Fig. 6 shows the results of the damping coefficient (B ′ ) for the plates with different shapes. Similar with the results of A ′ shown in Fig. 5 , the results of B ′ for round, octagon and hexagon plate almost collapse together, and the square plate appears to provide slightly larger damping. Fig. 7 shows the results of the added mass coefficient (A ′ ) for the plates with different edge corners. It is apparent that the effect of corner radius on A ′ is very significant, i.e., the plate with sharper edges provide more added mass. Fig. 8 shows the results of the damping coefficient (B ′ ) for the plates with different edge corners. For the cases at KC < 1, the influence of edge corners on B ′ is not significant, and for the cases at KC > 1, the sharper the plate edge corner is, the higher the value of B ′ is. Thus, for engineering application, the edge of the heave plate should be made as sharp as possible to provide more added mass and damping. Fig. 9 shows the results of the added mass coefficient (A ′ ) for the plates with different porosities. As shown, A ′ decreases significantly as the porosity of heave plate increases in KC range from 0.15 to 3.15. The added mass coefficient for the plate with 20% porosity is about 40% lower than that for the solid plate. Fig. 10 shows the results of the damping coefficient (B ′ ) for the plates with different porosities. For the cases at low KC numbers, i.e. 0.15 < KC 0.6, the perforated plate appears to provide more damping compared with the solid plate, and the perforated heave plate with medium porosity (around 10%) would provide the highest damping. However, for the cases at KC > 0.75, the solid plate provides more damping.
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CONCLUSIONS
The hydrodynamic characteristics of an isolate heave plate with different thickness ratios, shapes, edge corner radii and porosities have been investigated through a forced oscillation model test. KC numbers are considered in the range of 0.15 KC 3.15. The influences of thickness ratios, shapes, edge corner radii and porosities of the heave plate on the added mass coefficient (A ′ ) and damping coefficient (B ′ ) of the heave plate are evaluated.
The within the rage of 4/200 t d /D 15/200, the thin heave plate can provide more added mass and damping.
The differences between the hydrodynamic characteristics of round, octagon and hexagon heave plates are very small. However, the added mass of the square plate is lower than that for the round, octagon and hexagon plates, the damping of the square heave plate is slightly higher than that for the round, octagon and hexagon plates. The heave plate with sharp edges could provide more added mass and damping than the plates with round corners. The added mass of the heave plate decreases with the porosity of the plate. The medium porosity (around 10%) could provide more damping when KC 0.6, and the solid heave plate provide more damping when KC > 0.75.
